Operando calorimetry has previously been utilized to study degradation, side reactions, and other electrochemical effects in electrochemical cells such as batteries at or near room temperature.
Introduction
Operando calorimetry is widely used to study the properties of electrochemical cells, such as degradation of materials during electrochemical cycling and parasitic side reactions that lower electrochemical cell efficiency [1] [2] [3] . The decomposition rate of active materials through parasitic reactions can be used to predict the performance degradation and overall device lifetime. In addition, the development of thermal models for electrochemical cells as they degrade is useful for thermal management in practical settings [3] .
Such studies have primarily focused on the characterization of batteries or other electrochemical cells that operate at or near room temperature. There is interest in extending operando calorimetry to higher temperatures and to either oxidizing or reducing atmospheres. In particular, fuel cells that operate in the 200-800 °C range under exposure to both highly reducing (H2) and highly oxidizing (O2) atmosphere are a promising technology [4, 5] . There is also developing interest in high temperature solid oxide electrolysis and CO2 reduction to synthetic fuels [6, 7] .
In all of these systems, solid electrolyte degradation is of utmost importance as the electrolyte affects both efficiency and life [5] . Many studies use thermal techniques such as differential scanning calorimetry to determine temperature stability windows and rates of degradation in the solid electrolyte [8] [9] [10] [11] . However, these methods are performed ex situ rather than during operation of a fuel cell, which may change the conditions affecting electrolyte stability.
High temperature calorimeters are common but typically operate in the differential scanning calorimetry mode [12, 13] , which is not amenable to simultaneous application of multiple reactive gas streams and electrochemistry. Therefore, it is not surprising that calorimeters with these capabilities have not previously been reported in the literature and are not readily available commercially. To build such a calorimeter is not straightforward. The materials required to construct the necessary calorimeter components, such as the calorimeter housing or vessel, the temperature probes, and the electrical connections, can be subject to attack by both H2 and O2, as well as by water vapor present. Furthermore, the different gas streams in a fuel cell must be wellseparated to avert safety issues resulting from mixing at high temperature.
Herein, we report a calorimeter capable of operando measurements of high temperature electrochemical cells simultaneously exposed to both oxidizing and reducing gas environments.
We modify a commercially available apparatus, the ProboStat TM (Norwegian Electro Ceramics AS), developed for the study of electrochemical cells such as fuel cells at high temperatures in various gas atmospheres, to perform operando calorimetry during operation. Such an apparatus enables simultaneous extraction of thermodynamic and kinetic parameters using both electrochemical and calorimetric methods. The calorimetric sensitivity for an operating solid state electrochemical cell is 16.1±11.7 mW. The details of this apparatus, its performance, and its potential uses are described below.
Experimental

Design Objectives
The calorimeter's temperature, atmosphere, and electrochemistry capabilities presented here are designed to support operando studies of high temperature solid electrolytes. The required performance parameters are presented in Table 1 . The operating temperature range, from room temperature to 1,000 °C, permits use of the majority of solid electrolytes used in fuel cells. The electrical parameters allow for the application of electrochemistry and the use of temperature sensors for the calorimeter. With at least two temperature probes, each utilizing two connections, and a two electrode setup to probe the electrochemical cell or device, a minimum of 6 electrical connections are needed. If additional capabilities are needed, such as running three electrode measurements or four point probe tests, up to 11 electrical connections may be required.
Designing the calorimeter to enable the use of two different gases simultaneously is necessary for testing fuel cells under realistic operating conditions. The samples used have a diameter of approximately 20 mm, a common size format in literature [8, 10] .
A typical target for electrical power density in fuel cells is 500-2,000 mW/cm 2 [14] . Because currently fuel cells are approximately 50% efficient [15] , a 500 mW/cm 2 thermal power density is assumed here, representing the low end of the range above. The goal of our calorimeter design is to capture at least 10% of that power. Therefore, the minimum sensitivity is 50 mW, assuming a minimum active electrode area of 1 cm 2 . Furthermore, estimates from solid oxide electrolyte side reactions in the literature [10] show heat effects of order 100 mW/g. Assuming that samples contain 1 g of material, typical for the sample dimensions used here, heat effects are expected to be on the order of 100 mW for these reactions, which is measurable at the target sensitivity. All electrical sourcing and measurement is done on a potentiostat (Bio-Logic).
The calorimeter's fluidic infrastructure is designed for use of up to two gases with the option of running those gases dry or humidified (Fig. 2b) . The sample, sealed to the inner tube of the ProboStat TM , prevents leaking and mixing of the gases. A water bubbler is used to humidify gases at room temperature to about 3% (0.03 atm). The gases are constantly flowed through the ProboStat TM and vented out. Flow rates are typically set between 5-20 ml/min.
The calorimeter can support samples between 10-30 mm in diameter and between 0.5-10 mm in thickness, which corresponds to a sample mass of up to approximately 10 g. These samples are mounted into the Probostat TM with the appropriate electrical connections and can be sealed to the inner tube to allow for the simultaneous use of two gas atmospheres, each being exposed to one side of the sample. A more detailed explanation of sample design can be found below. 
Sample Design
In order to test the high temperature electrochemistry performance of the calorimeter, samples were designed to mimic a working fuel cell. In this report, only H2 is supplied to the sample in order to simplify operation for proof of concept of the calorimeter. However, in principle this same sample design could function as a fully operational fuel cell by supplying H2 and O2 to the anode and cathode respectively. In the case examined here, hydrogen gas is oxidized at the anode, supplying protons to the solid electrolyte which flow to the cathode where they are reduced to evolve hydrogen gas. No net molecules of hydrogen are produced or consumed in this operation, but ionic current does flow through the electrolyte, mimicking the electrochemical operation of a solid oxide fuel cell.
The sample is constructed using a 20 mm diameter and 1 mm thick BaZr0.8Ce0.1Y0.1O3 (BZCY) ceramic, proton conducting disk (CoorsTek Membrane Sciences AS) as a platform ( 
Theory
Inferring Heat Flow with a Nonlinear Lumped-Parameter Model
A nonlinear lumped-parameter model is used to describe the behavior of heat transfer within the calorimeter, similar to the method described by MacLeod et al. [16] . The dynamics of this system are approximated using a grey-box approach. This entails developing an appropriate equivalent circuit model to describe the heat flow pathways through the calorimeter and then empirically deriving the parameters of the model. Temperature changes at various temperature probes resulting from known amounts of input power during model calibration determine the model parameter values that define the relationship between power and temperature in the model. This calibrated model can then be used to predict unknown amounts of evolved output power later during experiments knowing only the input powers and temperatures of those temperature probes. Any mismatch between the input and output powers are attributed to side reactions or degradation, which can be analyzed along with electrochemical data to gain insight on the performance of the solid electrolyte over time.
Nonlinear equivalent circuit model of the calorimeter
A one state, nonlinear equivalent circuit diagram of our calorimeter is shown in Fig. 4a .
Numerous model candidates were analyzed, including two and three state models, but this one state model with two nodes and three measured grounds was determined to be the model that provides the best calorimeter sensitivity.
In this equivalent circuit model, the resistors represent heat conductances between different nodes. A capacitor represents a heat capacitance, while grounds represent thermal sources and sinks. Power inputs are modelled as current sources. The model has one measured node, TRTD, and one unmeasured node, Tsample, although only one heat capacitance is needed to approximate both. Other than the absolute ground used to reference power inputs and heat capacitance, there are three grounds in this model: one source and two sinks. (Fig. 4a) . Heat is generated in the furnace, represented by Tfw, and flows to the RTD node, which has a temperature TRTD. Heat then continues to flow through the sample node, an unmeasured node that approximates the sample itself, before exiting out either through an intermediate ground Tprox to capture all of the heat flowing out from the sample node due to other heat flow pathways out to the surrounding environment. The dynamics of the system described by the equivalent circuit diagram can be distilled into the following system of equations:
where
Although Eq. 1 and 2 could be combined into one equation, thereby eliminating Tsample, they are split out to better represent the physical model. Each element in the model is split out to second order nonlinear parameters, which aggregates to 18 possible parameters to be fitted. For operation within a limited temperature range, the model typically does not need to be fit with second order nonlinear parameters, so just zeroth and sometimes first order parameters are used.
In addition to fitting capacitances (cx) and conductances (kxx), a scale factor ( ) is fitted to adjust
Pcat based on the ratio of Pcat:Pion detected by the temperature probes in the calorimeter.
Results and Discussion
Model calibration and parameter estimation
Prior to running test experiments, a calibration is performed on the calorimeter using either a dummy sample or the test sample itself. The calibration is used to estimate the model parameters by applying temperature and power inputs that span in magnitude and frequency beyond the limits of those imposed during the actual experiment. A calibration needs to be performed before every experiment due to parameter variation from one run to the next, which can be attributed to small shifts in the position of the Probostat TM relative to the furnace, the sample, or the support fixtures used to mount the sample.
An example of a calibration is shown in Fig. 5 . In this case, both input powers (Fig. 5a ) and temperature ( Fig. 5b) are varied over the course of the calibration. Three input powers PRTD, Pcat, and Pion represent three possible sources of heat generated during an experiment. The temperatures Tfw, Tprox, and Troom (not shown) are the grounds in the model from Fig. 4a .
TRTD,meas is the measured temperature at the RTD node, TRTD in the model from Fig. 4a . As mentioned earlier, Tsample is not measured and is instead estimated during the model fitting.
The input data from Fig. 5a and 5b are analyzed with a MATLAB script utilizing the MATLAB System Identification Toolbox TM nlgreyest procedure similar to one outlined by MacLeod et. al. [16, 17] . The script takes the model described by Eq. 1-8, as well as the input power and ground temperatures, and estimates the vector of model parameters θ to create a modelled version of TRTD, TRTD,mod. A search for fitted model parameters is initiated and iterated over in order to minimize a cost function
where t is the discretized time of each datapoint in the dataset ranging from 0 to tmax. A differential measurement between the measured or modelled temperature at the RTD node and a nearby temperature ground allows for fits to be made on smaller temperature ranges and cancels out the majority of noise coming from the furnace, both of which improve the goodness of fit.
Typically only linear (zeroth order) terms for each element in the model are fitted at first to scan for a global minimum in V(θ) with lower computational effort. Upon approaching a perceived cost minimum, first order, nonlinear terms for each circuit element can be allowed to vary as well. Second order, nonlinear terms are rarely used unless the experiment spans a temperature range of over several hundred °C.
After a suitable search and refinement of the model parameters θ that either minimizes V(θ) below a certain cost tolerance or reaches a maximum number of search iterations, θ is said to be equal to θminimized. While the goal is to reach a global minimum for the function V(θ), it is likely that θminimized represents a local minimum that is near the global minimum but may not be the absolute global minimum attainable within the given model structure. Upon reaching V(θminimized), ∆Tmeas is compared to ∆Tmod (Fig. 5c ). An example of parameters for a θminimized are shown in since it is easily affected by the dynamic range of the temperature differential dataset. A dataset with a large dynamic range in temperature differential can lead to a better NRMSE score than an equivalent calorimeter with a lower dynamic range in the calibration dataset. A better quantification for the quality of the calorimeter-model system is the power sensitivity, which is described in the following section. Nonetheless, it is a useful feedback tool during parameter honing with a calibration dataset. Typically an acceptable result is above 60%, with the best calibrations exceeding 75% NRMSE. In the case shown in Fig. 5c , the NRMSE is 79%. Poor sets of model parameters are easily identified with the NRMSE metric. NRMSE ranges from negative infinity to 100%, so negative NRMSE values (such as -75%) are not uncommon in the early iterations of parameter searching, which indicates a fit worse than a line averaging the dataset. 
Determination of calorimeter sensitivity
To determine the performance of the fitted model on other datasets, a second experiment, called a prediction, is run and analyzed. A set of input power signals utilizing different waveforms and magnitudes are used to verify that the model is applicable to a wide variety of datasets, not just the one used for calibration. The input powers from part of a prediction run are highlighted in Fig. 6a , along with temperature in Fig. 6b . This time instead of trying to fit θ, the parameters are fixed to θminimized from the previous calibration. TRTD,meas is used to in conjunction with the measured temperature grounds and the modelled parameters to recover a modelled version of the input power. This modelled power can be compared with the original input power to see how well the model reconstructs the power data (Fig. 6c) . Residual power is calculated from the difference between these two powers (Fig. 6d) . The standard deviation of the residual power indicates the calorimeter's lower limit of detection. However, an adjustment needs to be made to account for the fact that power is measured in the RTD node in the model and the powers of interest (Pion and Pcat) originate in the sample node. Only a fraction of the sample node's power flows into the RTD node, so the power signal and also noise in the power is dampened. The standard deviation is multiplied by an adjustment factor from a node-to-node heat flow analysis described in Appendix B of the supplementary material. Doing so approximates the noise level in the sample node that is relevant to Pion and Pcat. In the prediction example presented here, the standard deviation is 1.7 mW and the adjustment factor is 2.6, giving an adjusted standard deviation of 4.4 mW. After using this calibration procedure, the calorimeter can be used to test solid electrolyte samples for any heat released from degradation or side reactions during application of electrochemistry. Power signals observed during experiments beyond two times the adjusted standard deviation found in the prediction step (8.8 mW in the above case) are considered to be heat generated from reactions unexplained by the input powers into the system with 95%
confidence. This metric is defined as the calorimeter sensitivity. These excess power signals also need to be adjusted by multiplying by the adjustment factor to get the true power coming from the sample.
A set of seven calibration and predictions steps were performed over different samples to assess the average performance of the calorimeter (Fig. 7) . The calorimeter was found to have an average sensitivity of 16.1±11.7 mW, which meets the design objective of 50 mW. The performance of the calorimeter varied between samples, which could be due to some differences in sample preparation and mounting into the calorimeter. Average power residuals during control testing of samples were found to be well below the sensitivity for all samples, demonstrating the ability of the model with parameters θminimized to properly account for all measured temperature fluctuations based on the known input powers. These power residuals were taken by averaging all of the power residuals during a prediction run and represent bias from noise or inaccuracies of the model in predicting the expected power. Fig. 7 . Calorimeter sensitivity and average power residuals of seven control runs. Calorimeter sensitivity is defined as the adjusted residual power level above which heat unexplained by known input powers is observed. The average calorimeter sensitivity is determined to be 16.1±11.7 mW. The average power residuals are the adjusted power residuals seen over the course of a prediction experiment. Deviations from zero are attributed to noise in the system or inaccuracies of the model. In all seven control runs, the average power residual is well within the sensitivity for that run, as is expected for a control run, demonstrating that the model is able
properly account for all measured temperature fluctuations as a function of the input powers.
Extending Measurement Capabilities
The calorimeter proposed here represents a step towards performing calorimetry under the challenging conditions of simultaneous high temperature, multiple gas environments, and application of electrochemistry. The calorimeter is sensitive to around 10-20 mW of power and is convenient to construct from a commercial apparatus that is well known to the high temperature fuel cell community. In comparison, top of the line commercial calorimeters can detect on the order of 10-100 µW, but these are units that are designed to optimize sensitivity rather than flexibility of operating conditions and can typically operate up to only ~100 °C.
Admittedly, further improvements can be made to our calorimeter, especially to detect smaller heat signatures from side reactions and electrolyte degradation that may be present below the detection limit.
Certain modifications can be made to improve the resolution of this apparatus. The biggest shortcoming of this calorimeter, as designed, is that the RTD mounted onto the sample is not capturing enough of the heat being generated at the sample. To increase signal temperatures at the sample's RTD, a decrease in conduction of heat from the sample to both the furnace wall and the room temperature ground is desired, leaving more heat to enter the RTD for a given power input. A thinner alumina tube and support pieces in contact with the sample would reduce the main pathway for conductance from the sample out to heat sinks. Similarly, thinner contact wires for electrochemistry will also reduce conductance. Alternatively, introducing a thermal insulator (such as an aerogel) between the sample and the support tube would help to thermally isolate the sample from the rest of the apparatus.
In addition to increasing the sample RTD sensitivity to input power, substantial gains could be had by sensing more of the heat flowing out of the sample at the proximal temperature sensor.
Currently, the single proximal thermocouple Tprox only covers part of the alumina tube extending from the sample down the Probostat and does not capture inhomogeneous heat signatures emitted from the sample. By placing more thermocouples or using a highly heat conductive material to average out temperatures circumferentially around the tube, more of the heat flow out of the sample can be captured.
Smaller improvements may be possible by improving furnace stability and stabilizing the room temperature to reduce thermal noise in the system. Additionally, better electrical shielding in the ProboStat TM would reduce electrical noise on the sample and temperature sensors.
Finally, run-to-run variations can be minimized by offering less spatial freedom for mounting the sample. By designating exact locations for mounting fixtures to be placed, as well as for where the ProboStat TM sits in relation to the furnace, model parameters should vary less from one experiment to the next or could even be reused across experiments.
Conclusions
A calorimeter has been presented here to study operando high temperature solid state electrochemistry, namely solid electrolytes for fuel cells and other similar applications. It can operate between room temperature and 1,000 °C and can support up to 12 electrical and thermocouple connections, as well as expose samples to two different gas environments. The calorimeter has a sensitivity of 16.1±11.7 mW and can be constructed from a commercial apparatus and temperature sensors.
Additionally, a heat transfer equivalent circuit model and grey-box system identification technique has been described that allows for the estimation of system parameters and reproducible analysis of experimental data. This technique gives flexibility to the modification of both sample and apparatus design. In most circumstances, only model parameters are changed, and, in the worst case, the model is modified to include additional dynamics to the system, though the overall procedure for data analysis remains the same.
This calorimetry system provides the means to directly study the thermal characteristics and dynamics of solid electrolytes operando. These findings, when coupled with electrochemical data, can provide insights into electrochemical cell performance such as efficiency or power degradation, device life, and cell heating.
Supplementary Material
Appendix A: Calorimeter and its equivalent circuit model parameters In this case, the adjustment factor is 2.6. Therefore, a 1.7 mW sensitivity displayed in the model is actually a 4.4 mW sensitivity to the ionic power. Current is applied at temperatures between 500-800 °C in humidified 4% H2. The observed voltage is primarily due to ohmic resistance in the BZCY electrolyte, explaining why the magnitude of voltage decreases with increasing temperature.
